Children with chronic otitis media (OM) often have conductive hearing loss which results in communication difficulties and requires surgical treatment. Recent studies have provided clinical evidence that there is a one-to-one correspondence between chronic OM and the presence of a bacterial biofilm behind the tympanic membrane (TM). Here we investigate the acoustic effects of bacterial biofilms, confirmed using optical coherence tomography (OCT), in adult ears. Non-invasive OCT images are collected to visualize the cross-sectional structure of the middle ear, verifying the presence of a biofilm behind the TM. Wideband measurements of acoustic reflectance and impedance (0.2e6 [kHz]) are used to study the acoustic properties of ears with confirmed bacterial biofilms. Compared to known acoustic properties of normal middle ears, each of the ears with a bacterial biofilm has an elevated power reflectance in the 1 to 3 [kHz] range, corresponding to an abnormally small resistance (real part of the impedance). These results provide assistance for the clinical diagnosis of a bacterial biofilm, which could lead to improved treatment of chronic middle ear infection and further understanding of the impact of chronic OM on conductive hearing loss.
Introduction
Bacterial biofilms have been considered to be the cause of many chronic infectious diseases (Dohar et al., 2009; Parsek and Singh, 2003; Macassey and Dawes, 2008; Costerton et al., 1999) . Biofilms have been linked to chronic otitis media (OM) and OM with effusion in the middle ear. Scanning electron microscopy and fluorescence confocal microscopy have provided images of middle ear mucosa specimens from chinchillas (Ehrlich et al., 2002) and humans (Hall-Stoodley et al., 2006) with chronic OM that verify the presence of bacterial biofilms. Biofilms are complex, organized structures formed by bacteria. This biopolymer structure often has the consistency of glue, and the protected bacteria within a biofilm become inherently resistant to most conventional antibiotics, due to the mechanical protection of the film, resulting in reinfection and treatment complications for chronic OM cases (Aparna and Yadav, 2008) .
Currently, optical coherence tomography (OCT) is the only imaging technique which can acquire in vivo, non-invasive images of the middle ear structure (Nguyen et al., 2010 (Nguyen et al., , 2012 . The human tympanic membrane (TM) is approximately 100 [mm] thick, while the thickness of a biofilm varies in the range of tens to hundreds of micrometers (Lim, 1995; Xi et al., 2006) . These micro-features of the middle ear are not resolvable by more traditional medical imaging techniques such as CT, MRI, and ultrasound, even with stateof-the-art high-resolution methods. With a high imaging resolution of several micrometers and a penetration depth of 2e3 [mm] , OCT is appropriate for imaging middle ear structures (Zysk et al., 2007; Pitris et al., 2001) . This imaging technique is analogous to ultrasound imaging, but uses a near-infrared light source. The interference of scattered light from the tissues and reflected light from a mirror provides structural, depth-resolved information about the tissues, in the form of two-dimensional cross-sectional images or three-dimensional volumes. OCT has successfully imaged the TM, malleus, and tensor tympani muscle (Pitris et al., 2001; Djalilian et al., 2008) . Previous studies have demonstrated the efficacy of using OCT for in vivo middle ear imaging, and for detecting the presence of bacterial biofilms in the middle ear (Nguyen et al., 2010 (Nguyen et al., , 2012 . Using a portable system to collect OCT images of middle ears with chronic OM, bacterial biofilms with different thicknesses and scattering levels were visualized and detected behind the TMs. This previous work demonstrated the potential of OCT for clinical applications regarding the diagnosis and treatment of middle ear diseases (Nguyen et al., 2012) .
Chronic OM causes conductive hearing loss and may result in speech perception difficulty. Patients with chronic OM may have 27 [dB] on average and up to 60 [dB] loss in hearing, depending on the effusion fluid level (Bluestone and Klein, 2007) . However, the impact of a bacterial biofilm on the acoustic characteristics of the middle ear has not been specifically studied. Intuitively, the presence of a bacterial biofilm on the surface of the TM affects the motion of the TM, where acoustic pressure waves in the ear canal are transduced to mechanical waves of the ossicular chain. Further, bacterial biofilms have different thicknesses and cover different areas of the TM, which may cause the acoustic effects to vary greatly across different biofilm cases. It is therefore necessary to further investigate and understand the acoustic impact of bacterial biofilms.
Acoustic reflectance has become a powerful measurement for quantifying the acoustic characteristics of the middle ear. Various methods for measuring the acoustic impedance and reflectance of the middle ear have been developed (Allen, 1986; Keefe et al., 1992; Voss and Allen, 1994 ) and the clinical utility of these measurements for differential diagnosis of middle ear pathologies has been studied by many researchers (Feeney et al., 2003; Hunter et al., 2010; Shahnaz et al., 2009; Nakajima et al., 2012; Rosowski et al., 2012) . Reflectance systems measure the complex acoustic pressure (magnitude and phase) in the ear canal, as a function of frequency, in response to a wideband stimulus. The complex acoustic reflectance is the ratio of the backward propagating pressure wave, P À (f), to the forward propagating pressure wave, P þ (f), at the measurement location in the ear canal; the total pressure at the probe location is the sum of these components,
where r 0 ¼ rc/A is the estimated surge resistance (further described in Robinson et al. (2013) ), r is the density of air, c is the speed of sound, A is the area of the ear canal and f is the frequency in Hertz. The squared magnitude of the acoustic reflectance, jGðf Þj 2 , represents the relative amount of acoustic power reflected back to the ear canal from the middle ear, and the phase of the acoustic reflectance characterizes the latency of this reflected power. The absorbance, 1 À jGðf Þj 2 , represents the power absorbed by the middle ear. Assuming no significant leaks in the middle ear system (e.g. TM perforation), the absorbance is related to the middle ear transfer function and thus to hearing sensitivity (Allen et al., 2005; Rosowski et al., 2012) . Unlike impedance, the magnitude of the acoustic reflectance (and by association, the absorbance) is not significantly affected by the residual ear canal between the probe and the TM (Voss and Allen, 1994; Voss et al., 2008) . This property provides a major advantage of reflectance quantities over impedance quantities, because it allows for more rigorous comparison across measurements.
Here we investigate bacterial biofilms in the middle ear using a combination of OCT and acoustic reflectance measurements. Noninvasive OCT images are collected to visualize the cross-sectional structure of the middle ear and confirm the presence of a biofilm behind the TM. Using this optical 'gold standard' diagnosis, we then analyze the acoustic properties of the middle ear with a biofilm using wideband acoustic reflectance measurements. The goal of this study is to identify the acoustic effects of a bacterial biofilm on the middle ear, in order to lay a foundation for biofilm detection using clinical acoustic reflectance systems, which are lower cost and require less training to operate than currently available OCT systems. As previously mentioned, reflectance systems may also be incorporated in the identification of a broad spectrum of pathologies. In this preliminary feasibility study, we have collected data from only five ears with OCT-proven biofilms. However, the acoustic effects of bacterial biofilms appear to be consistent across these five cases.
Materials and methods

Human subjects
This research was conducted under a protocol approved by the Institutional Review Boards of the University of Illinois at UrbanaChampaign and Carle Foundation Hospital (Urbana, IL). All subjects were adults (greater than 25 years old), and biofilm candidates had a history of chronic OM or were diagnosed with fluid via otoscopy. Normal ears (volunteers) and pathological ears (clinical patients) were assessed according to the OCT result and otoscopic examination. Reflectance measurements were also made for all ears. Two of the five OCT-confirmed biofilm ears (B2 and B3) appeared to have fluid present during the otoscopic examination, which was performed during the same visit as the reflectance and OCT measurements. A number of ears were rejected from this study because the presence of biofilm could not be confirmed. In such cases, a biofilm may have existed elsewhere on the TM, outside of the cross-sectional region that was imaged using OCT.
Optical coherence tomography
OCT is an optical biomedical imaging technique that is capable of measuring cross-sectional microstructure with a typical resolution of several microns (Zysk et al., 2007) . The OCT system used in this study is described in Fig. 1 . Fig. 1a and b show a functional diagram of the system. To perform OCT, low-coherence light is generated from a broadband optical source and split by a beam splitter or fiber-optic coupler into two beams that are sent to sample and reference arms of the interferometer. The reference arm contains a stationary mirror, while the sample arm contains beam-delivery optics directed toward the sample. The interference of the two back-reflected or scattered beams is captured by a linear photodetector array and processed by a computer to describe the depth-resolved optical scattering properties of the tissue. The broadband, near-infrared light allows axial resolutions of up to 2 to 3 [mm] and penetration depths of up to 2 to 3 [mm] in highlyscattering tissues. The spatial variations in the optical backscattered signal are used to describe the microstructures of the tissues. Scanning mechanisms at the sample arm perform the imaging in two or three dimensions.
Detection and imaging of middle ear biofilms was performed using a custom-built OCT-otoscopy system with a hand-held probe ( Fig [mm] can be displayed each second, after processing. The hand-held OCT scanner utilizes galvanometer-mounted mirrors for fast two-and three-dimensional image acquisition. A miniature chargecoupled device based color video camera having a diameter of 1.6 [cm], a length of 2.1 [cm] and 0.27 mega pixels was also integrated, in order to simultaneously capture real-time video images of the TM surface during acquisition of cross-sectional OCT images. All of the optics in the handheld scanner were packaged inside a light and robust plastic box (11.5 [cm] Â 11.5
[cm] Â 6.3 [cm]). The lens mount was constructed by modifying the same metal ear tip and plastic ear speculum used in existing commercial otoscopes. This allowed for the use of a disposable ear speculum for each patient.
Acoustic measurements
The acoustic reflectance data collected in this study consisted of complex broadband measurements, taken over the frequency range of 0.2e6 [kHz] using the HearID system made by Mimosa Acoustics (Champaign, IL). The system was calibrated using a four cavity method (e.g. Allen, 1986) according to the specifications provided by Mimosa Acoustics, and the probe was sealed in the ear canal at ambient pressure via an expanding foam plug. Reflectance measurements were collected in a busy clinical environment (working in a sound booth was not practical), resulting in low-frequency measurement noise. Data is presented for one OCT-confirmed normal and five OCT-confirmed biofilm ears. Normative reflectance data is drawn from Rosowski et al. (2012) , which included only 'strictly normal' ears, according to a battery of audiometric tests. These data were also collected using HearID. Using this large pool of normative data for comparison, systematic changes of the acoustic impedance and reflectance in ears with bacterial biofilms were evaluated. Fig. 2 shows a summary of the OCT and acoustic results for a normal ear (N1). The TM of a normal human ear appears translucent to opaque under video otoscopy. Fig. 2a shows an image of the healthy TM captured via video otoscopy. Considering the OCT scan (Fig. 2b) , the normal TM is readily identified by two sharp edges, about 90 [mm] apart, which is consistent with the average thickness of the human eardrum (about 100 [mm]). As expected from this image, the TM is classified as normal via the algorithm described in Nguyen et al. (2010) and Nguyen et al. (2012) . Note that the thickness of the TM varies with spatial location. TM regions near the periphery are significantly thicker than regions closer to the umbo. Fig. 2c and d show the acoustic assessment of the OCTconfirmed normal ear. For these plots, the light gray regions show AE1 standard deviation about the mean for 112 measurements of 56 normal ears from Rosowski et al. (2012) . Black dotted lines show the normative means based on that study. For normal ears, the power reflectance (Fig. 2c ) approaches 1 at low frequencies, has a broad minimum in the mid-frequency region from about 1 to 4 [kHz], and increases again at high frequencies, likely due to a highfrequency mass loading effect. The mid-frequency region corresponds to the most sensitive hearing range for humans (Voss and Allen, 1994; Feeney et al., 2003; Allen et al., 2005) , and is the region of most significant variation for normal ears . Considering the absorbance level (Fig. 2d) , most of the individual variation of normal ears from 1 to 4 [kHz] corresponds to a small 2 to 3 [dB] range. Ear N1 falls well within the normal region up to about 4 [kHz] . Assuming the absorbance is an approximation to the middle ear transfer function, this ear actually performs better than normal above 4 [kHz]. Fig. 3 shows a summary of the OCT and acoustic results for an ear with an OCT-confirmed bacterial biofilm (B1). In the case of chronic OM, the appearance of the TM under video otoscopy may differ between patients (e.g. red, cloudy, or retracted). The ear with a biofilm, which has a cloudy TM, is shown in Fig. 3a . Using OCT, various biofilm structures have been observed in patient ears (Nguyen et al., 2012) . These biofilms can appear with different thicknesses, scattering levels, and have either partial or complete presence within the crosssectional scans. In the OCT image (Fig. 3b) , the bacterial biofilm and TM structures are indicated. This biofilm is about 130 [mm] thick at the scan location, and is attached to the inner surface of the TM. Thus, the thickness of this biofilm at the imaging location was slightly greater than that of the normal TM shown in Fig. 2b .
Results
Normal ear
Biofilm ear
The power reflectance (Fig. 3c) , and absorbance level (Fig. 3d) , of this ear fall well outside of the normal range. Most notably, the power reflectance has an abnormal maximum with a peak of 0.8 (80% reflected power) at 1.7 [kHz], and is much higher than normal between 1 and 2 [kHz]. The unusual maximum at 1.7 [kHz] causes a 'reverse slope' appearance, as the power reflectance curve between 0.4 and 1 [kHz] is approximately perpendicular to the normal mean curve. Considering the absorbance level, the abnormal maximum in the power reflectance corresponds to a minimum of the absorbance level at 1.7 [kHz], about 6 [dB] below the mean normal absorbance level. Considering that the AE1 standard deviation region is about 2 [dB] wide at this frequency, this seems to be a severe effect.
In order to further analyze the acoustic effects of this bacterial biofilm, the acoustic impedance (related to the reflectance via Eq.
(1)) of the biofilm ear (B1) is compared to that of the normal ear (N1) in Fig. 4 . The complex acoustic impedance is represented in two ways: the magnitude and phase ( Fig. 4a and b) , and the resistance and reactance ( Fig. 4c and d) , which are the real and imaginary parts of the impedance, respectively. The impedance has been normalized by the surge resistance r 0 , to remove the effect of the ear canal area across subjects (Allen et al., 2005) . As in Figs. 2 and 3, the dotted black lines show the average normal ear from Rosowski et al. (2012) , and the light gray regions show AE1 standard deviation about the mean for these normalized impedance quantities. The residual ear canal causes a distinct standing wave notch in the normalized impedance magnitude (Fig. 4a) , due to reflections between the probe and TM. This notch is related to the massestiffness transition of the impedance across frequency for a given residual canal volume, corresponding to the transition from negative to positive impedance phase (Fig. 4b) . A phase of Àp/2 is related to a pure compliance (Z C ¼ 1/juC ¼ e Àjp/2 /uC), while a phase of p/2 is related to a pure mass (Z M ¼ juM ¼ e jp/2 uM). Due to the relative magnitudes of the normalized resistance (Fig. 4c ) and the normalized reactance (Fig. 4d) , the normalized impedance magnitude is dominated by the reactance below 1 [kHz] . Consider the acoustic impedance measurements of normal ear N1 and biofilm ear B1 near 1.7 [kHz] , where the power reflectance shows the greatest abnormalities for the biofilm ear. In Fig. 4c , normal ear N1 has a normalized resistance that is slightly higher than normal near 1.7 [kHz], while the biofilm ear B1 has a normalized resistance that is much lower than normal, approaching zero. Because the middle ear is a passive system, the resistance must be greater than zero. Thus, the resistance of the biofilm ear approaches this fundamental limit, making its deviation from normal more noteworthy than that of the normal ear N1. As the resistance goes to zero at 1.7 [kHz], the impedance of the biofilm ear becomes almost purely reactive. This is apparent in the impedance phase of ear B1 as well, which approaches Àp/2 at this frequency (a pure compliance). As the impedance becomes purely reactive, the reflectance magnitude must approach 1, thus the minimum of the resistance corresponds to a maximum of the power reflectance at 1.7 [kHz] . One possible physical interpretation of this data is that at 1.7 [kHz] the bacterial biofilm causes the TM to Note that the impedance is normalized by the estimated surge resistance, r 0 , to remove the effect of ear canal area across subjects (Allen et al., 2005) . The dotted black lines show the average normal ear from Rosowski et al. (2012) . The light gray regions show AE1 standard deviation about the mean. The resistance of the biofilm ear is close to zero between 1 and 2 [kHz], corresponding to an impedance phase close to Àp/2 in that frequency region (which is consistent with a purely imaginary impedance). This causes the power reflectance to tend toward 1 in that frequency region.
behave as a rigid surface, thus the middle ear is effectively blocked and the impedance becomes that of an approximately lossless (purely reactive) cavity. Without further experimental evidence or modeling attempts, this is only conjecture.
All biofilm cases
OCT images are not shown for the remaining four ears with biofilms, B2, B3, B4 and B5. The OCT measurements suffice only to confirm the presence or absence of a biofilm. Since the OCT images captured only a small region of the TM, they do not provide specific information about the extent of the pathology, and therefore are of limited use for interpreting the acoustic results further. Fig. 5 shows an acoustic summary of all five ears with confirmed biofilms. Ignoring low-frequency abberations, which in part are due to noise, the power reflectance (Fig. 5a ) is higher than normal, and the absorbance level (Fig. 5b) is lower than normal, for all ears within the 1 to 3 [kHz] range. Abnormal maxima in this range result in the 'reverse slope' behavior of the power reflectance in the 0.5 to 2 [kHz] range. While the power reflectance and absorbance levels for ears B1, B4 and B5 return approximately to normal at higher frequencies, the two ears that were diagnosed with fluid as well, B2 and B3, also show an elevated power reflectance (a depressed absorbance level) above 3 [kHz] . This is consistent with previous studies of reflectance for middle ears with effusion (Feeney et al., 2003; Allen et al., 2005; Ellison et al., 2012) . Fig. 5c and d show the normalized acoustic resistance and reactance for all five ears with biofilms; unlike Fig. 4c and d, these figures show magnitude quantities plotted on a logelog scale. Note that normalized reactance magnitude is similar to the normalized impedance magnitude (Fig. 4a) , because the normalized resistance magnitude is comparatively small for most frequencies. Considering Fig. 5 , like ear B1, the other biofilm ears have reactance measurements that lie approximately within the normal region, with slight deviations at low frequencies which are most likely related to measurement noise (Fig. 5d) . Considering Fig. 5c , the effect of a biofilm on the normalized acoustic resistance appears to be consistent. All five biofilm ears have an abnormally low normalized resistance in the 1 to 3 [kHz] range, corresponding to the abnormally high power reflectance. Fig. 6 shows the distributions of the normalized resistance for normal ears and for ears with OCT-confirmed bacterial biofilms. The light gray region shows AE1 standard deviation for the Rosowski et al. (2012) normal ears, the dark gray region shows AE1 standard deviation for the biofilm ears from this study, and the dotted lines show the means of both distributions. The normalized resistance of the biofilm ears has a large standard deviation at low frequencies due to measurement noise. However, there is a clear separation of the distributions between about 1 and 3 [kHz], particularly just below 2 [kHz] . This indicates that considering the normalized acoustic resistance in this frequency region may aid in the detection of biofilms using acoustic measurements.
Discussion
Variations across measurements of the ears with biofilms presented in this study have two primary sources: some of the ears have interacting pathologies (e.g. a biofilm and fluid), and biofilms Rosowski et al. (2012) , and the light gray regions show AE1 standard deviation about the mean. Note that ears B2 and B3 were also diagnosed with OM during the otoscopic examination. All five biofilm ears show a depressed resistance between 1 and 3 [kHz], even though ear B5 appears close to normal when considering the power reflectance, and ears B2 and B3 have different high-frequency properties (presumably related to OM).
may coat different areas of the TM with differing thicknesses. This study only considered two-dimensional OCT images of the middle ear, however, ongoing technological developments will enable three-dimensional OCT imaging in the future. For each of the five abnormal ears, a biofilm was confirmed, but the three-dimensional biofilm colonization within these middle ears could not be described with the current OCT system. Variations of the power reflectance and acoustic resistance features, such as the frequencies at which abnormal elevation of the power reflectance (depression of the normalized resistance) occur, may be related to spatial and thickness variations of the biofilm colonizations. Therefore, modeling acoustic measurements of biofilm ears will likely require consideration of the two-and three-dimensional structural features of biofilms adherent to the TM.
This preliminary study indicates that acoustic reflectance and impedance measurements may have utility for assessment of the presence and acoustic impact of biofilms in the middle ear. Considering previous reflectance studies of pathological ears, the power reflectance of the OCT-confirmed biofilm ears shows deviations from normal that are dissimilar to the well-studied systematic changes wrought by other middle ear conditions. The power reflectance measurements of the ears that were diagnosed with a biofilm alone, particularly ears B1 and B4, show a potentially unique profile due to the biofilms. All ears show some degree of 'reverse slope' behavior of the power reflectance, between 0.5 and 2 [kHz], related to the abnormal decrease in the normalized resistance.
The most likely confounding conditions in these ears are TM thickening or fluid presence. Ears with biofilms may share some acoustic properties with ears that have a thickened or inflamed TM, because a biofilm is a material deposition on the TM. However, the effects of these two conditions may not be exactly the same, due to differing tissue properties. Considering previous power reflectance measurements of OM ears (e.g. Piskorski et al., 1999 (N ¼ 1, child) ; Feeney et al., 2003 (N ¼ 4, adult) ; Allen et al., 2005 (N ¼ 1, child) ; Beers et al., 2010 (N ¼ 42, children) ), OM typically causes an elevated reflectance level across most frequencies. The power reflectance measurements of biofilm ears B2 and B3, which were also diagnosed with fluid, show similar traits to existing OM with effusion data; ear B3 has an elevated reflectance across all frequencies, and ear B2 has an elevated reflectance at high frequencies.
Ears B2 and B3 also have a lower normalized resistance (Fig. 5c ) at high frequencies than the biofilm-only ears. It is possible that the acoustic effects of an effusion and a bacterial biofilm may both cause a depressed normalized acoustic resistance, but for different frequency ranges. As mentioned previously, it is provable that a resistance of 0 forces the power reflectance to be 1. Considering previous studies, the power reflectance for ears with an effusion may be close to 1 across all, or most, frequencies. Thus, while biofilm ears may have an abnormally low normalized resistance (high power reflectance) in the 1 to 3 [kHz] range, OM ears with effusion may have an abnormally low normalized resistance over a wider range of frequencies due to fluid interfering with the TM and ossicular motion.
An abnormally low normalized resistance in the 1 to 3 [kHz] range and the related 'reverse slope' behavior in the 0.5 to 2 [kHz] range are the most easily distinguishable trends for these five biofilm ears. Future study of a wide range of OM-related conditions, with definitive biofilm and non-biofilm classifications, is needed. Additionally, it would be useful to study the impedance effects in existing OM data to further assess the depressed resistance feature determined by this study, and its prevalence in ears with related pathologies. It is also possible that reflectance measurements of OM ears already existing in the literature may have undetected confounding biofilms. The strength of this study lies in the 'goldstandard' detection of biofilms using OCT. For future studies of ears with chronic OM, it may be important to assess the presence or absence of a biofilm using a technology such as OCT. Fig. 6 . Distributions of the normalized resistance for normal ears and for ears with OCT-confirmed bacterial biofilms. The dotted black lines show the average normal ear from Rosowski et al. (2012) and the average biofilm ear from this study; the light gray region shows AE1 standard deviation about the mean for normal ears, and the dark gray region shows AE1 standard deviation about the mean for biofilm ears. Just below 2 [kHz], the AE1 standard deviation regions do not overlap, indicating that a depressed resistance near 2 [kHz] may be a useful feature for detecting biofilms.
